Abstract-In this paper, a CNT interconnect model is presented and combined with a CNT-FET model to study the performance of CNT-FET circuits at very high frequencies. An all complementary CNT-FET inverter pair using CNT interconnection is modeled and characterized. Cadence/Spectre simulations show that CNT-FET circuits can operate at GHz frequencies and CNT interconnects are able to provide enough bandwidth for GHz operation of CNT-FETs circuits.
I. INTRODUCTION
Carbon nanotube (CNT) is one of the promising materials for the next generation of nanoscale field-effect transistors [1] . A good amount of work on modeling carbon nanotube fieldeffect transistors (CNT-FETs) has been reported [1] [2] [3] [4] [5] . However, these models are still numerical-based and require a mathematical software realization. Recently, Marulanda, Srivastava and Sharma [6] have proposed a current transport model for the CNT-FET based on analytical equations for analysis and design of CNT-FET based integrated circuits.
For all CNT-FET based integrated circuit designs it is also essential to develop an equivalent circuit model of CNT interconnect. A significant amount of work has been reported on CNT interconnect modeling [7] [8] [9] based on quantum mechanics. Here we propose a model based on Lüttinger Liquid Theory [10, 11] and two-dimensional (2D) electron gas fluid model [12] [13] [14] , which only includes electron-electron correlation in a semi-classical state for CNT interconnections and does not invoke any complicated quantum dynamics concepts. In this paper, we have combined our model for the CNT-FETs and CNT interconnect to model transient behavior for an all complementary CNT-FET inverter-pair.
II. CNT INTERCONNET MODEL
CNT is approximately regarded as a graphene sheet rolled to form a tube with an infinitesimally thin layer. The conduction electrons are distributed on the lateral surface of the CNT cylindrical shell. The electrons are embedded in a rigid uniform positive charge background with a uniform surface carrier concentration. As a result, the motion of the electrons is confined to the surface. Thus, a 2D electron fluid model can be used to study the electron transport along the CNT.
The basic carrier transport equation in a fluid model is Euler's equation with a Lorentz force term, which is Newton's second law applied in fluid dynamics [12] and is given by,
is the 3D electron number density,
is the electron velocity, P is the pressure, m is the electron mass, e is the electron charge, E is the electric field and ν is the electron relaxation frequency. The relaxation frequency, ν is related to the mean-free path, λ as follows,
where v F is the Fermi velocity. The value of λ is decided by the electron scattering mechanism. The last term on the right hand side of Eq. (1) represents the effect of scattering of electrons with the positive charge background [15] .
Experiments have shown significant electron-electron correlation in electron transport in CNTs [8] . Theoretically, the current in a CNT depends on charge transport, which is induced by an external electric field and rearranged by the electron-electron interaction. Therefore, Eq. (1) cannot be directly applied to study the CNT interconnects, which is a typical one dimensional (1D) system described by Lüttinger Liquid Theory. As a result, Eq. (1) needs to be modified to include electron-electron interaction so as to describe a CNT. A variable F is introduced to express the electron-electron interaction. In addition, this dependence varies with the angular frequency, ω. For a time-dependent driving electric field, the spatial shape, which depends on the interaction, is the only important term in the current transport [16, 17] . Therefore, the interaction variable, F can be expressed as a function of frequency and electrical field. For a metallic CNT, we can regard the electric field along the CNT surface to be very small, and a Taylor series can be used to represent the function F at E Z = 0 as follows:
Combing equations (1) and (3) and considering the 1D condition, Eq. (4) is derived, which describes our modified fluid model and it can be solved with the continuity equation on the surface.
Using perturbation theory described in [12, 14] , where the system has small variance from its equilibrium state by an applied perturbation and considering p as to be a function of the concentration of electrons, we can write, is an abbreviate expression of the thermodynamic derivation [12] and u e is the thermodynamic speed of sound of the electron fluid under the neutral environment. For a non electron-electron correlation we have u e =v F .
When E Z =0, the electron velocity, the excess carrier concentration of electrons δn and the excess pressure δp can all be assumed to be equal to zero. As a result F(ω,0) and α 0 (ω) will be zero. Under these conditions, Eq. (4) can be further simplified by substituting Eq. (3) and (5) in Eq. (4), and neglecting the higher order term of E Z :
The parameter α 1 in Eq. (6) describes the electron-electron correlation effects characterized using quantum dynamics theory in the Lüttinger Liquid model [10, 11] . In our model, the parameter (1+α 1 ), under conditions of interaction and noninteraction, are introduced as the dimensionless conductance and dimensionless electric field, respectively. where σ is the distribution of the surface charge density and j is the induced surface current density. This is the transport equation for a 2D electron gas including electron-electron correlation in a metallic CNT. Equation (7) combined with the continuity equation gives the relation of the electric field E with the electric charge σ and current j. Neglecting the third term in Eq. (7) on the left side, a current density in frequency domain is obtained as follows:
( ) Comparing the results obtained in [10] for the metallic CNT's, the total axial conductivity is given by, (10) where ZZ σ is the semiclassical version of axial conductivity given by, In Eq. (10), Δσ is caused by electron-electron interaction and is given by [18] ,
where G is the integration of distribution function times longitudinal velocity over the energy in the first Brillouin Zone. In the microwave and infrared frequency range, σ σ Δ >>
ZZ
. Thus, we can express the total axial conductivity as follows,
where
and is much less than one.
It is required that the conductivity determined by the modified fluid model of Eq. (9) is identical to that of Eq. (13) . Under these conditions, we obtain, 
Following the work in [14] and using Eq. (7), we obtain:
is the current, and r is the CNT radius.
where L K is kinetic inductance per unit length of the CNT. Substituting Eq. (14) in Eq. (17); we obtain, 
This expression agrees with results in [11] .
The quantum capacitance per unit length of the CNT, C Q is related to the quantum pressure of the electron fluid by the expression, ) where R 0 is the quantum resistance per unit length [11, 14] .
The parameter R in Eq. (15) is the electric resistance per unit length of the CNT and depends on the electric field E Z [14] as follows:
This result is not in accordance with results in [15] . The reason for this disagreement is that the experimental result and analysis presented in [15] includes the contact resistances, which are characterized as πћ/4e 2 in Lüttinger Liquid Model [11] . By considering this contact resistance, the value of R in our model agrees with the experimental results in [15] . Finally, we need to consider the magnetic inductance and electric capacitance. The magnetic inductance per unit length of a perfect conductor on a ground plane is given by [19] ,
The electric capacitance per unit length of a perfect conductor on a ground plane is given by [19] ,
where h is the distance of CNT to the ground plane. 
III. CNT-FET MODEL
In a recent work, Marulanda et al., [6, 21] have proposed a current transport model for the CNT-FET, which is as follows:
where ( ) ( ) where E c is the energy conduction band minimum. This integral is computed using numerical integration.
IV. INVERTER PAIR DELAY
Inverter pair delay is calculated using our CNT-FET and CNT interconnect models. Figure 2 shows the schematic of the inverter pair. Both ideal (RC time constant = 0) and CNT interconnects are considered. Figure 3 shows the simulation results of the signal response of the inverter pair. The input is a 5 GHz pulse and the delays are 15 ps for the inverter pair with an ideal interconnection, and 25 ps with a CNT interconnect.
The CNT interconnect is a 1μm carbon nanotube. The inverter can perform up to 50 GHz which is limited by the CNT-FET cut-off frequency, while the CNT transmission line can handle up to 1 THz signal as shown in Fig. 1 . Figure 4 shows the delay of the inverter pair for varying CNT interconnect lengths. Figure 4 also shows a plot of the highest operation frequency of the inverter pair with varying CNT lengths. It is concluded that for shorter lengths the delay is smaller and the operation frequency is higher. 
